The object of this work is to investigate the micro-abrasion of Y-TZP in tea. This material is a candidate replacement in dental restoration and to date there has been very little work carried out to investigate the wear behaviour in oral cavity conditions. Various additions such as milk and sugar, which affect the solution viscosity and pH, were assessed as part of this work and the results were compared to the performance of the material in aqueous conditions. Wear maps were generated showing the change in wear rate as a function of applied load, viscosity and exposure time. 
Introduction
Inefficiency of masticatory system and poor contact between opposite teeth and chewing surfaces are the very common results of wear of teeth texture [1] . The tribological processes inside the oral cavity are categorised as: attrition (the act of wearing away of the surfaces), corrosion (mass loss due to the chemical reactions), erosion (impact of the particles in the slurries), abrasion (the process of wearing down by the friction) and abfraction (eventual fatigue and loss or cracking of the tissue) [2] . These processes do not happen individually. In fact, tooth-to-tooth (or tooth-to-restorative) contact (attrition), chemical reactions without involvement of bacteria (corrosion) and food movement over the enamel surfaces (erosion) may occur simultaneously along with many other chemical and physical factors including the applied force during the chewing, duration of the contact, or even the chewing behaviour in combination with neuromuscular forces. It should be noted that not only masticatation, but also occlusal antagonistic contact is one of the main reasons of the gradual removal of teeth [3] [4] [5] .
The main candidates as restorative dental materials to recreate the lost function and aesthetic appearance of damaged teeth are ceramic materials. This is due to their long-term clinical success, strength, toughness, relatively comparability to the natural teeth, colour, translucency and desirable processing technologies such as moulding, machining and sintering [6] . One of the most important factors is the very low thermal expansion co-efficient of ceramics comparing to the traditional restoratives such as amalgam. Another contrast between ceramics and the traditional amalgam (apart from their aesthetic properties) is that the latter material does not build an adhesion to the teeth structure and subsequently the weakened teeth will not be strengthened.
Zirconia-based ceramics exhibit more desirable properties among ceramics in this field. Also, the new CAD/CAM technologies have developed the ability manufacturing full-zirconia restorations with occlusal design and good aesthetic results without required subsequent veneering [4] . Furthermore, in biomedical grade zirconia, phase transformation toughening enhances the crack propagation resistance, which makes this material one of the best oxide ceramics. However, this transformation involves the transformation of the metastable tetragonal grains to the monoclinics and as a result; the volume expands at the crack tips which causes compressive stresses. This makes zirconia ceramics susceptible to 'ageing' in presence of water. Although it is hardly possible to prevent ageing since it is a natural return back to the monoclinic equilibrium state, the use of yttria instead of coprecipitated powders increases the ageing resistance significantly [7] . Moreover, partially stabilised zirconia substructures provide high hardness, fracture strength, and structural reliability and show a smaller range of strength variations than porcelain [4] .
Stabilising the tetragonal phase using yttria, creates yttria-stabilised tetragonal zirconia polycrystalline (Y-TZP). Y-TZP has favourable mechanical properties in load-transfer applications, such as dental restoration, including high flexural strength (900 to 1200 MPa), remarkable fracture 
.m MPa
) and Young's modulus (210 GPa) [8, 9] . Another significant ability of Y-TZP is its superplasticity behaviour in compressive deformation which enables this material to deform uniformly without fracture [10] .
Y-TZP seems to be very useful as a tribological component in dental restoration; however, to implement a new material in a successful application, anticipating the wear of the material is crucial and the wear properties of Y-TZP still need further characterisation. The wear behaviour of such ceramics depends on the material phase, porosity, toughness, hardness and grain size along with the exposure environment [11, 12] . The object of this work is to investigate the wear mechanism of black tea on Y-TZP as a candidate dental replacement material, under micro-abrasion conditions. The consumption of tea has been considered healthier comparing to the other caffeine-based drinks because of having antioxidant properties and oral health benefits such as the high fluoride content. Despite its beneficial effects (such as inhibitory effects on the growth of cariogenic bacteria), consumption of tea can also be harmful and result in dental degradation [13, 14] . To date, the effect of beverages on dental enamel has been widely investigated [13] [14] [15] [16] [17] [18] ; however, no study has considered the exposure of tea on candidate dental replacement materials such as Y-TZP, despite of their potential application.
In this paper, in addition to the effect of normal black tea on the micro-abrasion of Y-TZP, the popular combinations of tea with sugar and tea with milk have been studied. Also, the abrasive effect of these materials in water was assessed as a reference. Scanning electron microscopy was used to assess the wear mechanisms following exposure. Finally, the wear maps have been constructed for Y-TZP for application in dental restoration.
Experimental Materials and Procedure
The objective of the experiment was to determine the micro-abrasive performance of Y-TZP under various loads, sliding distances, and slurry environments. In this test a ball is rotated against a specimen in the presence of a slurry of fine abrasive particles. Because of the nature of the test, it is also known as the ball-cratering abrasive wear test [19] .
Specimen preparation and characterisation
The samples of Y-TZP were provided by National Cheng Kung University, Taiwan and were prepared with 3 mol% yttria doped zirconia, already polished with diamond paste. The original shape of the samples was in circular-discs; however, due to the limited size of the specimen platform of the test rig, the samples were machined into octagon shapes to increase the available area for testing of the surface area of the samples. The final size of the Y-TZP samples was 36mm in length and breadth with the thickness of 3.4mm. The mechanical properties of the samples can be found in Table 1 . 
Material

Apparatus (Test rig)
The tests were conducted using TE-66 Micro-Scale Abrasion Tester (Plint TE-66, Phoenix Tribology, Reading, UK). This rig can be used for the tests in accordance with BS EN 1071-6: 2007: Advanced technical ceramics, Methods of test for ceramic coatings, Determination of the abrasion resistance of coatings by a micro-abrasion wear test. The apparatus consists of an ultrahigh molecular weight polyethylene (UHMWPE) ball which is clamped between two co-axial shafts. One of the shafts is driven by a variable speed DC geared motor and the ball is driven by friction against the shaft. The other shaft, which is driven by the friction against the ball, is connected a peristaltic pump head. The pump provides the abrasive slurry feed to the contact interface through the syringe. The test sample is mounted onto a platform on a vertical pivoted arm. The arm is in balance when the sample and the ball are just in contact. The loads can be applied by hanging dead weights to a cantilever arm [23] . Figure 1 shows the schematic diagram of (a) apparatus and (b) details of the contact interface.
Ultra high molecular weight polyethylene (UHMWPE) ball (K-mac Plastics, Michigan, USA) has been chosen for this experiment as it is a well-known biomaterial possessing very low friction coefficient, superior mechanical toughness and excellent wear and abrasion resistance [24, 25] . UHMWPE is a crystalline homogeneous polymer with a smooth molecular profile. High wear resistance has been reported for these materials in sliding conditions with low friction coefficients (less than 0.1) when sliding against hard counterfaces [26, 27] . The counterface balls used were 25.4mm in diameter. The mechanical properties of UHMWPE have been listed in table 1. 
Slurries
Four types of slurries were used for the experiments: Tea, Tea + Sugar, Tea + Milk, and boiled water. It has been reported that during mastication movement simulating, a number of slurries can be used to simulate food bolus during mastication with a variety in hardness from 3 (CaCO3) to 10 (SiC) in Moh's scale [28] . Therefore, in this study, all slurries used were mixed with 30 gl -1 of the abrasive particles Calcined Aluminium Oxide Powder (Logitech, UK), with a hardness of 9 in Moh's scale, to produce abrasive slurries and simulate food bolus during mastication. This is due to the aim of this research to consider the behaviour of Y-TZP under harsh conditions. The applied particles are flat and tend to lie parallel with the contact interface and thus the applied load is more evenly spread. The size of the particles was 9 µm. It should also be noted that alumina abrasive has been considered safer, easier to use and less expensive [29] . The mechanical properties of the particles can be found in table 1. Also, in order to prevent the particles from flocculating due to the insolvent nature of the particles, the slurries were agitated by a small propeller situated at the bottom of the reservoir which operated at high speed, ensuring a consistent particle mix was obtained.
To produce the tea and the mixtures, PG tips® (London, UK) tea bags were used. The Tea + Sugar slurry was made with a sugar concentration of 28.57 g/l as this was equivalent to our estimations of 2 teaspoons of sugar per serving of tea. The sugar was completely dissolved in the slurry before the testing had begun. For the Tea + Milk slurry, it was estimated that in serving of tea, up to 10% of the final liquid is milk. The slurries were replaced at maximum of 3 hours of use in order to keep a consistent mixture of the solution. They were kept in a heated reservoir which was kept at a constant temperature. The heightened temperature was in order to produce an environment that is as close to the operating conditions as possible. Drinking temperature of tea and the mixtures were estimated as 45 to 50 °C. 
Procedure
The tribological properties of ceramics are mainly based on the environment (gas, liquid or vacuum), humidity, lubricants, and, of course, the material of the second element of the friction pair [31] . Recently, to assess the tribological properties of materials, smaller scales are much more in demand due to localised usage of specialist materials [32] . In this study, the micro-abrasion test was carried out in the conditions given in table 3.
Test conditions
Applied normal loads 3 -5 N Sliding velocity 150 rev/min (0.2 m/s)
Tests duration 1 -3 hrs
Sliding distance 718.17 m/hr The main parameters which affect the size and the shape and subsequently the rate of the wear are the applied normal load, the sliding velocity, the sliding distance and the volume fraction of the abrasive in the slurry [33] . Previous work using this experimental process has involved testing the effect of a wide range of loads [34] [35] [36] . In the present work, the tests were performed using the loads of 3, 4 and 5 N, which was an appropriate choice considering a normal force on a real single tooth [37] . The ball was rotated at a constant speed of 150 rev/min, which was a linear velocity of 0.2 m/s. The friction between the ball and the specimen can generate heat in the interface. The magnitude of the generated heat is very dependant on the sliding velocity. Since higher speeds result in raised frictional energies, which in turn cause higher contact area temperatures, the generated heat was calculated from equation 1 to avoid any serious error [31] :
where µ is the friction coefficient, P is the normal load and v is the sliding velocity. The friction coefficient of UHMWPE is less than 0.1, and Y-TZP is 0.5 in water [38] . It means that the highest possible increasing temperature in the performed tests was 0.5°C; which comparing to the environment temperature (45°C), it was negligible.
The duration of the tests were 1, 2 and 3 hours, equivalent to 718.17m, 1436.34m and 2154.51m sliding distances respectively. In the oral environment, the sliding distance per one chewing "event" is 0.5 -1 mm and the chewing rate is 60 -80 cycles/min which occurs 10 -30 min/day [23, 34, 37, 39] . These numbers give us an average rate of sliding distance of 1 m/day per a tooth. Therefore, 1 hour test can simulate almost two years of a tooth lifetime. With these calculated values, the early life of a Y-TZP dental implant is simulated in 2, 4 and 6 years of time respectively.
Results
Wear scar measurement
It is thought that during the tests, an abrasive particle will effectively cut a path through the surface test material, resulting in plastic flow. This act of cutting (or "carving") through the test material will cause plastic deformation provided by both the normal loading force and the sliding friction force. Plastic deformation will cause some of the test material to be removed as debris, causing wear [40, 41] . The wear scar volume can be measured from knowledge of the mass loss of the test material and the density [42] . Since the tests were conducted in aqueous conditions with the potential of Y-TZP absorbing moisture from the environment, the samples should have been dried before the weight loss measurement. However, this class of ceramics exhibit a thermal conductivity between 2.4 -2.8 W/m.K which is a relatively low thermal conductivity that even enables them to be used as thermal barriers in high temperatures [43, 44] . Therefore, there was a possibility of retention of residual moisture in the samples after drying. Thus, the wear losses were calculated by measuring the residual wear scars from the abrasion test, as identified by Scanning Electron Microscope (SEM).
From inspection of the wear scars under high magnification, the wear regimes, processes and diameters could be determined. The SEM used was an S-3700N model Tungsten Filament SEM (Hitachi High-Technologies, Europe). Since the sample material was not electrically conductive, the samples had to be carbon coated in order to get clearer images. The high accuracy of the SEM allows the accurate reading of the wear scars geometry as it superimposes measurements on the image of the wear scar, making finding the wear volume very quick and easy. The volume of the scars where perforation of the coating does not occur (which applies to the present work) can be measured by equation 2 by assuming it is a section of a sphere [45] :
where V is the volume of the wear scar, b is the scar diameter and R is the cratering ball radius. It is observed that in abrasion tests, where the samples are softer than the ball material, there is a small area around the scar that undergoes deformation. However, this is not due to abrasion. Hence, care must be taken when measuring wear scar diameter to ensure this extra area is not considered [46] . To confirm the results from the SEM measurements, the surface profilometry has been done using a stylus profilometer, which showed that the wear scars' curvature follows the ball's curvature. Also, the measured wear scar diameters from the SEM and the profilometry were compared and they were found either equal or with a negligible difference. The maximum deviation found in the final volume loss calculations from the SEM and the profilometry was 3.9%, which verifies the validity of equation 2. Figure 2 shows the wear at different loads and in the majority of cases, there is an increase in wear volume with increasing exposure time and applied normal load. However, in some cases there is a change in gradient, suggesting that wear volume does not increase linearly as is stated in some papers [47] contradicting the predictions of the Archard equation with a direct increase in wear rate with load. It should be noted that within the oral cavity, a range of pH between 1.2 and 10 can be experienced [2] . The results in Fig. 2 and the information in Table 2 , suggest that in higher loads where the entrainment of the particles is weak, the wear rate of Y-TZP increases with assistance of either increasing the solution viscosity or decreasing the solution pH value. It can be clearly seen that with the addition of sugar, the wear rate increases; an effect which was more significant at the higher loads.
Effect of applied load and exposure time
SEM analysis and wear regimes
The majority of the wear scars in this experiment showed the evidence of 3-2-body mechanisms (explained elsewhere) [48] [49] [50] [51] , and 2-body grooving regime was the dominant regime among them. For each slurry, a new sample has been used to prevent any effects from the previous slurry on the material. This helps us to discover any differences between the wear scars caused by the properties of the slurry. However, the results were very similar showing 3-2 body mechanisms. As it is confirmed by the SEM and XRD, the presence of the alumina particles embedded in the ball could be the reason of this dominance. Figure 4 shows a picture of the embedded particles on the ball's surface and the results of the XRD test after a 2 hours test. Once enough abrasive particles are entrained at the contact point, it facilitates the entrance of more abrasive particles and subsequent higher wear rates. Technically, this separates the ball from the specimen surface. Therefore, the ball was rotated after each test to create a fresh surface and also minimising any effects of changes in the overall shape of the ball [46] . Moreover, a new ball was used for each type of the slurries. In the case of ploughing, the abrasive particle displaces the material by pushing it around the path of, and into a ridge in front of the particle. Although ploughing does not result in any immediate mass loss, it can be attributed to causing greater mass loss indirectly. From further studies of the wear scars, there were other wear processes that could be identified. Figure 6 shows evidence that, while 2-body grooving is present, another process known as intergranular fracture has occurred [41] during the 3N, 3 hour test of Tea and sugar. It is assumed that the surface degradation (or ageing) is caused by the tetragonal-monoclinic phase transformation due to the aqueous environment which normally leads to (a) roughening and higher wear rates as a result or (b) micro-cracking which results in grain pull-out and making particle debris which can be clearly seen in figure 6 . At the same time, the transformation can benefit the ceramic by creating a compressive surface layer monoclinic phase on the ceramic [7, 52] .
(a) (b) Figure 6 -(a) Surface showing evidence of lost grain (b) Evidence of cracked material Figures 7(a) is a sample of the various wear scars and their measurements to help give an idea of the range in wear scars produced. Figures 7(b) shows various scars with deteriorating image quality such that it was difficult to find the edges and therefore measure the volume. This problem was addressed by using the SEM settings to produce background scatter, as well as using different filters which produced clearer images. 
Wear maps
In order to determine the reliability and the tribological characteristics of a material in different conditions, wear maps of the material are a useful tool to understand the wear qualitatively and quantitatively [53, 54] . In an attempt to further understand the contributing factors of the abrasive wear experienced by the material, wear maps were constructed with various parameters. The boundaries set to determine the levels of wear were as standard procedures suggest [2] : The boundaries were created using extrapolation between the above limits for the regimes. The general trends observed from figure 8 indicate that with decreasing load there is a general decrease in wear. Exposure to higher viscosities result in higher wear rates and with longer test durations, wear volume increases. Hence, at the highest values of load, exposure time, and viscosity, maximum wear occurred in the slurry of Tea + sugar for 3 hours. Figure 9 exhibits how viscosity affects the wear rate at the various loads.
Discussion
As the experiments were performed in order to evaluate the appropriateness of Y-TZP as a material to be used in dental restoration, the results indicated many different trends for the parameters considered in this study. Many of the experimental parameters were set up to represent the more extreme circumstances that the material would encounter during use, such as elevated temperature (normally tea is consumed at 50 o C), small particles, and high rotational speed. Taking these factors into account, the material was subjected to what was equivalent to 6 years lifetime in oral cavity conditions under these harsh conditions, however only losing a maximum of 2.138mm 3 . The results above indicated that the incubation time to high wear of Y-TZP is expected to be significant, which is a good indicator for these materials to be used in dental restoration.
The results also indicated that the Archard equation was unsuitable as a model of wear for these tests as it was rarely experienced that the volume increased linearly with time, Figure 2 . It is likely that this is due to the presence of multiple wear processes, regimes and interactions as described elsewhere [48] [49] [50] [51] . In micro abrasion tests mostly linear relationships between the wear volume and sliding distance have been reported for a large range of loads and slurry concentrations [47] . Therefore, wherever the results did not follow this pattern or were not as they were expected, the test has been redone to minimal the errors. Also, only 2 of the 36 experiments have not left a clear circular wear scars; however, extra care has been taken to make a clearer view of the scar edges using different filters in the microscopy. Figure 7b is to show that the scars might not show a clear edge at the first look. In the cases where it was still hard to determine the wear edges, the samples have been carbon coated to advance the clearance. Furthermore, Trezona and Hutchings 1999, have studied the wear scars of the micro-scale abrasion tests, where the samples are softer than the samples, it is always possible to have the central spherical scar surrounded by a roughened or 'scuffed' annular region, which makes it difficult to distinguish the boundaries between the annulus and the spherical scar by optical microscopy. However, after conducting a large number of tests, a consistent empirical relationship between the width of the spherical part and the width of the scuffed region was reported, which suggested that it is sufficient to consider only the size of the spherical scar to determine the wear behaviour of the material. Also, since the ridges are quasistable, they have the tendency to the eventual break down and resuming the normal wear [46] . Moreover, the types of tests performed in this study had never been attempted previously for this material, slurries and environments and this would be an area of further work. The material also showed a higher tendency to increase wear rate relative to viscosity (associated with additions of sugar to the tea) rather than pH value, although the pH values tested were relatively high in comparison to those possibly found in the oral cavity. It has been repeatedly reported that pH has a significant effect on wear loss in ceramics, where the high wear-volumes are obtained for the most acidic and the most alkaline environments, however, the highest mass loss takes place in the acidic environments. It should be noted that although the environments with the pH of close to 5 are not very acidic, however, the wastage is much higher than neutral or low alkaline environments [2, 55] . In the current study, the results indicated that the lower pH values tended to increase the wear rate; however, to generate the wear maps based on pH values, a wider range of pH values is needed to study such effects on wear rates more accurately. Although it is expected to have a higher mass loss while increasing the normal loads or the exposure time; However, it is not always guaranteed that the higher loads create bigger wear scars when the loads increase, and this is due to that the higher loads make higher pressure on the contact area and this makes the entrainment of the particles more difficult [46] . For example, by rearranging the results based on the slurries in Fig. 10 , it can be clearly seen that the wear volume for higher loads is less than for lower loads. This phenomenon has been repeated few times. Therefore, if the higher loads fail to create a bigger wear-volume because of weak entrainment, there should be another reason for having a high volume loss in different slurries and that would be the higher viscosity or more acidity. figure 8 , the dominant factor along with higher loads in increasing the wear rate is increased viscosity for the Y-TZP material. By generating wear maps of different loads in figure 9 based on this concept, a clearer picture can be drawn of how the changes in these values affect the rate at which the material is worn along with normal loads. There is a thus a necessity to construct further wear maps to investigate the contributions of load, viscosity, pH, exposure time and sliding speed in order to provide an enhanced understanding of the material performance to environments found in the oral cavity.
Conclusions (i)
The micro-abrasion of Y-TZP material was investigated in Tea with various additions to modify the pH and viscosity levels, using water as a reference solution (ii)
The results indicated a significance change in the wear rate with load, exposure time and viscosity (iii)
In the small pH range studied, the wear rates increased with decreasing pH values which may be attributed to an enhancement of tribo-chemical effects in such conditions.
